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FOREWORD 


This  report  was  prepared  for  the  Aerospace  Research  Laboratories  of  the 
Office  of  Aerospace  Research  at  Wright-Patte- son  Air  Force  Base,  Ohio,  by 
the  Institute  of  Physical  Chemistry  at  the  Mwersity  of  Gottingen  in  Germany 
under  Air  Force  Contract  No.  AF  61 (514) -1142,  Project  No.  7013,,  "Research 
in  Chemical  Energetics",  Task  No.  70130] .  "Research  on  Energetic  Processes 
in  Gases".  The  project  director  at  th"  University  of  Gottingen  was 
Professor  W.  Jost,  Head  jf  the  Institute  of  Physical  Chemistry.  Karl 
Scheller  served  as  technical  administ*  »  or  for  the  Aerospace  Research 
Laboratories.  The  report  reviews  th°  .esearch  performed  during  the  period 
1  March  1962  -  28  February  1963. 
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ABSTRACT 


In  continuing  studies  of  kinetic  and  deuonative  properties  of 
simple  compounds,  which  contain  nitrogen,  experiments  investigating 
the  detonability  of  hydrazine  -  nitrous  oxide  mixtures  are  reported. 
2\To  detonations  could  he  produced  in  mixtures  containing  less  than 
7  vol.%  of  ^0,  Pure  hydrazine  shows  a  detonation  velocity  of 
about  2450  m/sec,  which  is  close  to  the  theoretical  value  calcu¬ 
lated  on  the  assumption  of  chemical  equilibrium  in  the  CHAPMAN- 
JCUGG'iT  region.  The  measured  velocities  meet  some  of  the  criteria 
for  stable  detonations .j 

Spectroscopic  investigations  of  the  wake  behind  detonations, 

however,  revealed  great  amounts  of  ammonia  which  had  not  yet  dis¬ 
appeared  300  jise c  behind  the  detonation  front .J  Such  quantities  of 
UK,  nd  this  long  a  reaction  zone  is  not- in  accord  with  the  measured 
velocity  of  the  detonation.  Some  evidence  based  on  the  pressure 
dependence  in  the  NH,  production  suggests  that  these  detonations 
are  inherently  unstable. 

A 

In  compiling  data  for  the  understanding'  of  the  kinetic  aspects 
of  the  above  detonations,  shock-tube  studies  of  the  pyrolysis  of 
nitrous  oxide  and  hydrazine  have  been  continued^  Absorption 
coefficients  od  NgO  up  to  1800  °K  have  been  measured.  In  the 
temperature  interval  from  1530  °K  to  1820  °K  and  at  total  gas 
densities  of  1.5*/i0”^  mole/cm*’  (6  atm.)  the  initial  decomposition 
rate  of  RgO  mixed  with  an  excess  of  Ar  is  given  by  the  rate 
law  k,  -  lO"*-0*®*  exp(-60  000/RT)  sec'"'1'.  This  is  in  agreement  with 
results  from  measurements  of  the  uniraolecular  decomposition  rate  at 
low  temperatures.  ;The  second-order  dependence  of  k.  upon  total 


gas  density  suggests  that'  this  unimoiecular-  reaction  is  deter- 

\ 

b y  coliisional  activation  under  the  present  conditions.; 

Che t del eat Pie  techniques  are  outlined  which  will  allow  the  amount 
of  nitric  -oxide  formed  in  this  reaction  to  be  determined.  Regi¬ 
stration  of  the  emission  indicated  the  presence  of  the  reaction 
i- 

1\Q.  *  0  .NC^  7 — j*.2f0p  +  h\>  ,  even  at  the  comparatively  high 

es cures  of  these  experiments . 

measurements  of  she  decomposition  _ate  of  hydrazine  behind  re¬ 
flected  shock  waves  with.  *.i  excess  of  He  have  been  extended  up 
to  temperatures  of  IppO  °h.) using  He  as  a  carrier  gas  reduces 
schli-er.en  effects  and  facilitates  the  kinetic  evaluation  of  short 
reaction  periods,  even  enough  the  s hoc k-f root  curvature  has  to 
be  accounted  for.  Extinction  coefficients  behind  the  incident 
sh/Ck  waves  were  in  agreement  with  those  obtained  in  previous  ex¬ 
periments  with  Ar.  By  appropriate  evaluation  of  the  half-lives  it 
wac  ectabl_ahed,  that  the  rate  of  decomposition  does  not  depend 
upon  the  nature  of  the  carrier  gas.  Contrary  to  the  results  ob¬ 
tained  in  the  temper-rare  region  between  1100  °K  and  1400  °K, 
a: ere  was  no  distinguishable  da rend once  of  half-lives  of  hydrazine 
upon  its  partial  density.  Che  apparent  energy  of  activation 
is  not  different  than  in  the  low  temperature  region,  i.e. 

40  kcci/r.ole . 

Limitations  of  the  ore sent  shock  rube  are  indicated  and  a  new 


rube,  which  has  been  constructed  to  meet  more  stringent  require- 
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„-J  (subscript)  refers  to  Chapman- Jouguet  state 
AE  energy  of  reaction 
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ratio  of  specific  heats 

decadic  molar  extinction  coefficient 

wavelength 

gas  density 

haif-.ife  of  reacting  molecules 
degree  of  reaction 
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A' .  Studies  vf  Detonations  of  Hydrazin-Nitrous  Oxide 

matures. 

I.  INTRODUCTION 

‘..".thin  this  general  program,  in  which  the  reaction  behavior 
of  hydrazine  at  elevated  temperatures  is  investigated  in  the 
homogeneous  gas  phase,  the  interaction  of  hydrazine  with 
various  oxidizers  is  of  both  practical  and  theoretical  concern. 
Plaines  supported  by  mixtures  of  hydrazine  with  oxygen,  nitric 
oxide  and,  nitrous  oxide  have  been  studied  extensively  in 
recent  years  vref.  1-4).  Some  detailed  investigations  on  the 
explosive  combustion  of  hydrazine  (ref.  5)  have  revealed  seve¬ 
ral  features  peculiar  to  the  oxidation  of  hydrazine.  Studies 
of  the  detonability  and  reaction  zone  of  detonations  through 
hydrazine-oxidizer  mixtures  are  expected  to  add  some  information 
to  previous  results. 

The  detonability  of  pure  gaseous  hydrazine  at  atmospheric 
pressure  had  been  examined  before  (ref.  6).  At  that  time, 
difficulties  were  met  in  combining  hydrazine  and  nitric  oxide 
or  oxygen  to  form  gaseous  mixtures  whicn  were  well  defined 
at  a  pressure  of  1  atm.  Furthermore,  it  was  shown  that  nitrogen 
dioxide  could  not  be  added  to  hydrazine  at  room  temperature 
without  immediate  reaction  (ref.  7).  Nitrous  oxide,  on  the 
other  hand,  can  be  saturated  with  hydrazine  readily  and  the 
mixture  is  easy  to  deal  with  at  temperatures  below  70  °C,  thus 
offering  a  convenient  approach  to  studies  of  detonative  com¬ 


bustion  of  hydrazine. 


II.  3XPERI2EE3TAL 


?  round  alum:  "urn  tube  was  chosen  for  these  detonation  experi¬ 
ments  with  mixtures.  The  test  section  had  a  length 

of  300  cm  and  a  diameter  of  8.4  cm  (fig.  1).  Three  observation 
windows  made  of  plexiglass  were  inserted  10  cm  apart,  the  last 
one  being  11  cm  upstream  from  the  end  plate.  All  v/indows 
were  mounted  flush  with,  the  inner  wall  so  that  the  gas  flow 
v.as.  not  disturbed.  The  whole  tube  was  surrounded  by  an  electric 
tape  and  could  be  heated  uniformly. 

The  temperature  of  the  test  section  had.  to  be  chosen  according 
to  the  desired  partial  pressure  of  hydrazine,  this  being  con¬ 
tingent  upon  condensation  phenomena  (ref.  '6,8).  At  higher- 
temperatures,  hydrazine  undergoes  catalytic  decomposition  when 
in  contact  with  metal  ana  glass  surfaces  (of.  review  in  fef.  7) 
This  would  give  rise  to  great  uncertainties  about  the  actual 
composition  of  the  detonating  gas  mixtures.  Hence,  it  was  de¬ 
cided  to  restrict  these  measurements  to  initial  temperatur.es  of 
43  °C  (except  for  cetcn;.  tsons  with  pure  hydrazine  vapor  and 
mixtures  containing  83  vol/S  hydrazine,  where  the  temperature 
was  67  °C),  entailing  a  partial  pressure  of  hydrazine  of  less 
than  40  mm  Kg.  Total  pressures  of  the  test  mixtures  lay,  in 
gc f  around  90  mm  Hg  in  the  reported  series  of  measurements 

Detonations  of  mixture.,  with  7-30  vol$  hydrazine  in  nitrous 
oxidw.  well  as  of  p-.ro  hydrazine,  were  initiated  by  hydrogen 
oxyg  •.  detonations  ir.  a  driver  section  160  cm  long  and  with 
the  same  diameter  «s  the  tost  section.  Initiator  gas  and  test 
mixtures  were  separated  tiy  an  aluminum  foil  which  ruptured 


2 


under  the  impact  of  the  initial  detonations. 

->-w  .  pressure  in  the  initiator  section  was  made  high 

enough  (450  ee  Hg,  viz.  5  tines  higher  than  the  initial 
pressure  of  the  test  gas,  cf.  ref.  9,  p.  355)  so  that  de¬ 
tonations  of  the  nitrous  oxide-hydrazine  mixtures  could  be 
initiated  readily,  The  composition  of  the  initiator  v/as  con¬ 
veniently  set  by  restricting  the  flow  rates  of  hydrogen  and 
oxygen  ivith' the  aid  of  properly  gauged  capillaries  before  the 
partners  were  nixed  and  passed  through  the  driver  section. 

!■' low  velocities  were  controlled  by  means  of  capillary  flow 
meters.  Two  different  mixtures  cf  the  initiator  gas  were  used, 
the  one  contained  40  -  2  vol/S  the  other  one  60  vol%  flp 
(balance  0p),  providing  calculated  detonation  velocities  of 
D=2080  -  n/sec  and  D=2770  m/ sec.  The  former  value  lay  in 
the  range  expected  for  detonation  velocities  of  the  test 
mixtures  considered. 

The  test  mixtures  with  '?0  vein  NgO  or  more  were  prepared  by 
passing  nitrous  oxide,  after  expansion  to  a  lower  pressure, 
twice  through  liquid  hydrazine  (fig.  1).  difficulties  in 
saturating  gases  with  hydrazine  vapor  nave  been  reported  before 
(:n-f.  6  and  7 )•  Even  though  hydrazine  evaporates  sluggishly, 
it  condenses  readily,.  Thus,  when  leading  partially  saturated 
II ^0  through  a  condenser,  the  temperature  of  which  was  kept 
approximately  10  °C  below  that  of  the  saturator,  the  partial 
pressure  of  hydrazine  in  the  gas  flow  could  be  calculated 
reliably  on  the  basis  of  the  condenser  temperature. 

The  glass  tube  transit rr_ng  ;ne  i^O-N^H^  mixture  to  the  tert 

session,  as  well  as  the  sec„  section  itself *  were  heated 
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appreciably  above  the  condensation  temperature  of  hydrazine . 

Still,  previous  experiments  had  chcv; r.  (ref.  6  and  7)  that 

adsorption  of  hydrazine  at  the  tube  wall  might  produce  great 

deviations  from  the  initial  concentration  of  hydrazine. 

'therefore,  the  test  section  was  swept  a  few  times  with  the 

test  mixture  underthe  initial  pressure  of  an  experiment.  The 

higher  the  partial  pressure  of  hydrazine,  the  larger  the 

amounts  of  gas  were  which  had  to  be  passed  through  the  tube 

before  the  intcrfacial  equilibrium  was  approached.  In  order 
to  reach  this  point  within  a  reasonable  period  of  time, 

a  special  valve  was  constructed  (see  fig.  1  and  fig.  21,  p.58) 
which  allowed,  adequate  flow  velocities  (ca.  10  cm'Vsec  ST? 

and  higher) . 

In  general,  the- gas  volume  in  the  test  section  was  replaced 
at  least  eight  tines  before  an  experiment  was  started.  Even 
though  this  method  was  suitable  to  gas  mixtures  containing 
lower  concentrations  of  hydrazine,  it  quite  evidently  failed 


for  mixtures  with  more  than  50  %  N0H/1 

II  ^  ‘■r 


In  preparing  test  gas  mixtures  with 


<30-100  vol.'/o  another  principle 

was  used  (fig.  2).  Liquid  hydrazine 
streamed  at  room  temperature  and 
atmospheric  pressure  from  a  graduated 
cylinder  into  a  capillary  which  was 
heated  to  about  80  cC  by  a  surround¬ 
ing  electric  tape.  Thus,  the  capillary 
server  both  as  evaporator  and  flow 
regulator,  vis.  expansion  nozzle 
down  to  a  pressure  of  about  90  mm  Ilg. 
doycna  the  capillary,  the  .^aceous 
hydrazine  could  be  mixed  with 


V?  9 

*  -o'  * 


nitrous  oxide,  which  had  b^er.  ere— 
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hi  a  tad  while  streaming  through  another  capillary.,  The  flow 
velocity  of  hydrazine  was  controlled  by  timing  the  outflow 
from  the  graduated  cylinder  and  was  shown  to  be  reasonably 
constant  (ca.  5  nillimole/sec) .  The  method  proved  to  be  reliable 
and  without  risk.  Before,  each  run  the  test  section  was  thoroughly 
evacuated  in  order  to  remove  water  which  had  been  formed  as  a 
reaction  product  of  she  previous  experiment. 

Prior  to  measuring  the  initial  pressure  of  the  test  gas  by 
means  of  a  mercury  nancaccer,  which  was  at  room  temperature, 
seme  nitrogen  was  administerau  to  manometer  (fig*  "0>  thus, 
providing  a  gas  cushion  and  preventing  the  condensation  of 
hydrazine,  who  composition  of  the  test  gas  was  not  affected  by 
this  procedure,  because  r..e  pressure  was  set  during  the  flushing 
of-  the  tube . 


The  initiator  gas  was  igniter,  by  slowly  increasing  the  current 
through  a  filament  (fig.  ')»  ~c  avoid  premature  triggering  of 
the  oscilloscope.  The  u\  s  ...ensured  with  the  aid  of  a 

conventional  schiierer.  arrange: .rr: ;  three  photomultipliers 
'ROA  converter  the  light  signals  bo  electric  pulses;  the 

first  schlieren  spike  triggered  ...:e  oscilloscope  sweep  (Tektronix 
5^5?  53/i‘:-  --  plug-in  unio/.  The  d-.ctric  time  constant  was 
calc - v  .u  „c  ca.  o  Jj-z-jQ » 


Fig  3 
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Fig „  3  chows  a  typical  oscilloscope  record.  The  positive 
pips  are  100  ylAsec  tiding  markers  furnished  by  a  Tektronix 
tin a -nark  generator  (Type  131,  quartz-stabilized).  The  first 
schlicren-signa.l  .is  clearly  recorded  on  the  screen.  As  the 
detonation  front  proceeds,  greater  and  greater  thermal  ra¬ 
diation  is  recorded  by  the  three  photomultipliers  and  the 
p; * tocurrent  increases.  The  last  abrupt  change  in  photocurrent 
at  the  end  of  the  trace  is  presumably  caused  by  the  strong 
light  emission  concomitant  with  the  reflected  shock.  The 
detonation  velocity  could  be  measured  v/ith  an  accuracy  of 
0.5  2>,  after  photographic  enlargement  of  the  oscilloscope 
records. 


III.  MATERIALS 

liquid  anhydrous  hydrazine,  furnished  by  flUKa  AG,  was  em¬ 
ployed  without  further  purification.  It  contained  less  than 
2  'i'o  water.  Muss  spectroscopic  analysis  inaicated  that  the 
impurity  level  after  evaporation  was  reducec.  to  less  than 
o.l  Z>„ 

Nitrous  oxide,  anaesthetic  grade,  was  provided  by  FAABY/EAKE 
IICiiCHST  AG  and  was  at  leas;  ,;3  yS  pure.  Since  these  experi¬ 
ments  were  of  exploratory  nature,  further  purification  by 
destination  was  net  mandatory. 


The  leak  rate  cf  th„  r.st  . tnon  amounted  to  10" ^  mm  Kg/min. 

Most  of  the  air  pcn.r;_  ,ee  .  th-  flange  holding  the  diaphragm. 
In  any  case,  it  was  cc..„juto-  that  the  test  gas  could  not 
ccntain  more  than  C.1  /.  air  due  to  leaking. 


Z..  ronation  velocities  did  not  show  any  attenuation  or  accele¬ 
ration  within  the  range  of  accuracy  of  these  experiments. 

.*  pending  upon  eomposition  of  the  mixture,  they  ranged 
from  1803  m/cec  (7.7  vol#  NgK^)  to  2600  m/3ec  (35  vol?J  NgH^) 
at  initial  pressures  of  =  SO  mm  Hg  and  =  63  mm  Hg 
(fig.  4).  The  initial  temperature  was  316  °K  except  for  experi¬ 
ments  with  83  and  100  voi/i  NgH^.  Then  the  initial  temperature 
hen  to  be  raised  to  T^  =  340  °K  in  order  to  provide  a  sufficient' 
..  high  vapor  pressure.  A  mixture  of  nitrous  oxide  with  7*7  vol$ 
K...K.  still  produced  detonations. 

For  mixtures  containing  7  vol>  and  6  vcl^S  N720  as  well  as 
for  pure  nitrous  oxide,  however,  only  strongly  attenuated 
shock  waves  were  recorded.  With  pure  nitrous  oxide,  these 
shock  velocities  averaged  around  930  m/ sec  for  initiator 
mixtures  of  302+2H2  and  around  1210  m/sep  for  stoichiometric 
initiator  mixtures  (02+2H2). 

Detonation  velocities  of  mixtures  containing  more  than  7  vol$ 

Nz-f  v/e re  faster  by.  at  least  a  factor  of  2  than  the  above  shock 
speeds.  Within  the  accuracy  of  these  determinations  they  did 
not  show  any  attenuation  or  any  dependence  upon  starting 
pressure  (P.  =  63  and  90  mm  Kg)  or  composition  of  the  initiator 
mixture.  Nevertheless,  strong  fluctuations  occur  among  the 
measured  points  (fig.  4).  This  might  be  due  to  inaccuracies 
in  the  test 
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gas  composition.  Tne  effects  :o$  adsorptionof  hydrazine  on 
the  walls;  and  heterogeneous  cte composition  have  not  been  in- 
•» --stigated  in  these  experiments.  In,  any  case,  the  .points  in¬ 
dicate  a  definite  trend  in  the  concentration,  and  show  some  of 
the  characteristics  of  stable  detonations.  The  behavior  of 
pure  nitrous  oxide  sufficiently  demonstrates  that  the  measured 
velocities  do  not  result  from  overdriven  detonations.  The  limits 
.of  detonability  have  not,  been  established  exactly,  because  the 
present  detonation  tube  does  not  fulfil  the  requirements  of 
such  determinations  (ref.  9.  p.  338). 

In  some  experiments,  where  the  time  constant  of  the  electrical 
recording  unit  was  properly  selected,  the  rise  time  of  the 
rchlieren  signals  was  found  to  be  as  long  as  5ytsec.  (this 
ia  in  agreement  with,  the  rise,  time  of  absorption  signals,  see 
p.  16  ). 

The  experimental  arrangement (width  of  ligth  beam)  does  not 
account  for  core,  than  0.5  /xsec.  Thus,  one  might  conclude 
that  the  detonation  front  is  either  strongly  curved  or  tilted, 
a  phenomenon  whicn  usually  appears  in  detonation  waves  of  in¬ 
herent  instability  (cf.  o.g.  ref.  16). 

V.  CALCULATION  OP  DETONATION  VELOCITIES 

The  theoretical  values  for  detonation  velocities  have  been 

caltulatsi  by  iteration  under  the  assumption  discussed  in  the 

ref'. 

literature  (cf.  e.g./S).  Enthalpies  of  reaction  and  specific 
heat  data  have  been  taker:  from  ref.  10,  energies  for  the 
various  components  were  obtained  from  ref.  11.  The  following 
table  shows  the  results  of  the  computation  for  six  different 
mixtures  at  starting  pressures  of  90  mm  Hg,  including  the 
equilibrium 


9 


__  -I'.I  ’*XV^ 


concentrations  of  the  cpecies  KO,  -OH  and;  0  in  the  Chapman- 
Jouguet  zone.  Subscript  F  refers  to  conditions  oust  behind 
the  shock  front,  subscript  C-J  denotes  parameters  of  the 
Chapman-0 ouguet  zone,  in  calculating,  the  detonation  velocity 
of  pure  hydrazine,  it  has  b.v£  assumed  that  all  of  the  hydra¬ 
zine  has  been  converted  to  nitrogen  and  hydrogen 

- >  2  H2+H2  =-23.62  kcul/mole  at  540  °Z. 


Sable  I 


Computed  Detonation  Parameters 


p^l  =  9'D  mm 


T,7~ 

-*b# 


5S  N2H4  j 

T1 

i 

(Tp  K(v.j/v2)j> 

1 

j  TC-J  °K 

1  ..  _  ..  . 

(v1/v2)c_J 

j  HO  %  OH  %  0  % 

ID  n/sec;  M 

1 

0 

316  j 

1483 

9.24 

2555 

1.740 

|2.94  -  0.62 

1 

1 

683  S6.11 

'10  j 

316 

1700 

10.36 

2995 

1.756 

=4.14  3.46  2.83 

il 

983  L  86 

20  j 

:3i6 

17S5 

11.35 

3228 

1.764 

|3.48  5.79  3.75 

L 

\2 

089  17.43 

33.3  | 

316; 

1861 

12.43 

3337 

1.769 

ll  .85  5.62  2.63 

2 

275  =7.97 

80  j 

|340  l 

2674 

1.734 

jO. 005  CD&  0.002 

2 

594  ja.51 

100  j 

\54Q  |14 27 

13.15 

1995 

1.736 

1  -  -  “ 

2 

488  17.99 

tf  - 

TC-J  " 
vVv2  " 


Initial  gas  temperature 
Temperature  behind  shock  front 
Temperature  at  Chapman-Jouguet  zone 
Batio  of  specific  volumes 


M  «  Mach  numbers  with  respect  to  initial  gas 


The  theoretical  curve  for  the  detonation  velocities  is  in¬ 
cluded  in  Tig.  4.  The  highest  of  the  strongly  scattering  ex¬ 
perimental  points  tend  to  be  fairly  close  to  the  calculated 
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-values,,  confirming'  again  that  actual  detonation  velocities 
.have  been  measured.  She  downward  trend  of  the  average  of 
all  points  indicated  that  uncontrolled  effects  have  eventually 
decreased  the  hydrazine  concentration  of  the  gas  phase. 

VI.  DISCUSSION 

‘i'he  purpose  of  these  exploratory  investigations  was  to  outline 
experimental  possibilities  for  future  work  and  to  check  the 
methods  to  be  applied.  It  was  demonstrated  that  this  approach 
holds  promise  of  disclosing  some  interesting  properties  of  the 
detonations  of  hydrazine-nitrous  oxide  mixtures  as.  well  as 
of  pure  hydrazine  vapor.  Evidently,  there  is  a  limit  of  detonaT 
bility  which-  lies  fairly  close  to  100  vol.%  ^0,  and  which 
might  show  a  strong  dependence  upon  initial  temperature.  All 
attempts  to  produce  detonations  through  pure  nitrous  oxide  at 
initial  temperatures  of  i$16  °K  and  initial  pressures  of  90 
mm  Hg  failed.  Under  these  conditions  -a  temperature  of  only 
1480'  °K  was  calculated  for  the  front  of  virtual  detonation 
(table  I),  a  value  much  too.  low  to  induce  a  rapid  enough  de¬ 
composition  of  pure  nitrous  oxide.  Some  shock  wave  experiments 
reported  by  STRJ2HL0W  and  COHEN  (ref.  20)  have  indicated  that, 
at  a  shock  temperature  of  1400  °K,  adiabatic  explosion  of 
NgO  is  preceded  by  an  induction  period  of  several  hundred 
microseconds.  In  order  to  provide  a  higher  temperature  behind 
the  detonation  front,  viz.  a  reaction  zone  short  enough  to 
facilitate  self-supported  detonations,  one  might  raise  the 
initial  temperature  of  the  test  gas  appreciably  above  the 
values  applying  in  the  reported  experiments.  Shis  might  be 
assumed  in  analogy  to  predictions  concerning  the  decomposition 
flame  of  NO.  These  prediction  were  verified  by  preheating  V  e 
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the  gas  to  SCO  °C  (ref.  13).  On  the  other  hand  even  small 
additions  of  hydrazine  might  bring  about  a  substantial  change 
in  the  critical  parameters  for  detonation.  While  studying  the 
critical  parameters  in  the  inflammation  of  cyclohexane-nitrous 
oxide,  Russian  workers  (ref.  i4)  found  an  unusually  low  threshold 
fuel  concentration  of  0.3  #  CgH^.  Similar  effects  seem  to 
control  NgH^-NgO  detonations. 

The  detonation  velocity  of  pure  hydrazine  reveals  an  interesting, 
feature:  two  values  are  conceivable  for  this  case.  Either  the 
detonation  velocitiy  is  determined  by  ci.e  composition  of  the 
reaction  products,  generally  observed  in  the  decomposition 
of  hydrazine  (ref.  7,  15): 

N2H4 - >NH,  +  1/2  N2  +  1/2  H2  £H°  =  -34.8  kcal/mole  (T=340  °K) 

or  by  the  equilibrium  composition,  which,  because  of  the 
inertness  of  the  intermediate  product  NH^,  can  be  attained 
only  after  a  long  reaction  period: 

N2H4— >N2  +  2Hp  4H°  =  -  22.42  kcal/mole. 

The  former  case  would  yield  a  detonation  velocity  of  2200  m/sec 
and  is  definitively  excluded  by  the  present  results.  The  de¬ 
tonation  velocity  given  by  chemical  equilibrium  in  the 
Chapman- Jouguet  plane,  D  =  2488  m/sec,  is  in  close  agreement 
with  the  experimental  values.  There  is  no  good  reason  to 
assume  that  hydrazine  decomposition  in  the  reaction  zone  of 
a  detonation  occurs  according  to  a  different  mechanism  than  in 
shock  waves  and  flames.  The  actual  processes  which  control  the 
development  of  hydrazine  detonations  are  visualized  in  different 
experiments  (cf.  section  3). 
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B.  Absorption  Measurements  in  Detonations  with  Hydrazine 
I.  INTRODUCTION 

Studies  of  detonation  velocities  of  nitrous  oxide-hydrazine 
mixtures  seem  to  show  that,  in  practically  all  cases,,  the 
composition  of  reaction  products  in'  the  OKAPilAN- J CUGU2T  zone, 
which  determines  the  detonation  velocity-,  corresponds  to 
chemical  equilibrium.  It  is  known 4  however,,  that  in  the  -tempe¬ 
rature  range  under  consideration  and  wichi/i  the  reaction  periods 
available  neither  the  pyrolysis  of  pure  Kip'  v: qualitative 
detection  of  NO,  see  section  C)  nor  that  of  ib  h’^  leads  to  an 
equilibrium  composition  of  reaction  products  (ref,  7,  '15) .  The 
thermal  decomposition  of  hydrazine  it-  comparatively  v  ell  under¬ 
stood  and  a  postulated  normal  chain  mechanism  is  in  good  agree¬ 
ment  with, both  the  observed  over-all  rate  and  stoichiometry  of 
the  reaction  which  is  NgH^-j-NIij  +  1/2  Ng  +  1/2  Kg.  Additionally, 
some  data  about  the  pyrolysis  of  the  primary  reaction  product 
NHj  have  been  reported  in  ref. '7.  From  this  it  can  be  derived 
that  the  thermal  decomposition  of  NK~,  even  in  the  waki-  of  a 
detonation  front,  might  proceed  quite  sluggishly. 

Because  more  accurate  data  about  the  reaction  behavior  of 
hydrazine  and  ammonia  are  available  at  present,  interest  has  been 
focussed  upon  processes  governing  the  development  of  detonations 
with  pure  hydrazine.  The  measured  detonation  velocity  demands 
that  the  over-all  stoichiometry  follows  the  equation 
Ngll^ — +  2Kg-  Kinetic  evidence,  on  che  other  hand,  suggests 
a  fast  conversion  with  ammonia  as  a  major  reaction  product, 
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followed  by  the  slow  pyrolysis  of  KK-.  Ouch  a  slow  consecutive 
reaction,  however,  would  give  rise  to  an  unusually  long  reaction 
zone  of  an  order  of1  magnitude  which  has  not  been  observed, 
hitherto  even  at  low  pressures  (ref.  9  p.  374 ,  ref.  35  -  38)* 

An  alternative  reaction  path  might  include  the  direct  conversion 
of  hydrazine  to  nitrogen  and  hydrogen  without  the  intermediate 
formation  of  ammonia.  :Jince  the  species  and  .IK^  possess  ab¬ 

sorption  spectra  in  the  ultraviolet,  with  roughly  known  temperature 
dependence  (ref.  7)>  an  available  set-up  for  photoelectric  re¬ 
cording  could  be  used  to  decide  to  which  degree  the  one  or  the 
other  reaction  path  is  preferred  in  the  reaction  zone  of 
NpH^  detonations  at  low  pressures. 

II.  METHODS 

Monochromator  and  optical  alignment  with  the  detonation  tube 
(section  A)  were  as  described  in  connection  with  previous 
shock-tube  experiments  (ref.  6,7).  A  UV  light  sheet  passed 
through  quartz  windows,  21  cm  upstream  from  the  closed  end. 
Absorption  measurements  were  made  mainly  at  a  wavelength  of 
25Q0  ft  with  a  monochromator  slit  width  of  about  0.34  mm 
(dispersion  dA/ds«36  ft/mm).  The  effective  beam  width  inside 
the  tube  amounted  to  1.5  mm  allowing  a  time  resolution  of 
0,6yisec  behind  the  detonation  front  and  1.4 ydsec  for  measure¬ 
ments  behind  the  reflected  wave  (velocities  of  detonation  and 
reflected  wave  2.488  mm/y^sec  and  1.09  mm/yUsec,  resp.).  The 
actual  rise  times  of  the  absorption  signals  behind  the  fronts 
of  the  detonations  and  reflected  shocks  were  5  and  10yu.sec, 
resp.,  indicating  again  strong  curvature  or  tilt  of  the 
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corresponding  surfaces  (see  Tig:.  5»  the  same  result  as  with 
sc.  iieren  effects,  cf.  p  90- 

Calibration  of  the  light  intensity  was  made  with  a  rotating 
sector  of  2.8  kc/sec.  In  this  case,  however,  the  intensity 
recorded  with  the  empty  tube  was  not  identical  with  the 
characteristic  quantity  IQ,  on  the  basis  of  which  the  trans¬ 
mission  change  during  an  experiment  is  calculated.  As  the  tube 
was  filled  with  hydrazine  vapor  a  film  of  liquid  hydrazine  was 
deposited  on  the  walls  and  also  on  the  quartz  windows,  This 
film  reduced  the  intensity  of  the  incident  light  appreciably 
and  was  not  affected  by  the  detonations  in  the  gas  phase. 

Even  when  evacuating  the  tube,  it  evaporated  only  reluctantly, 

as  Shown  by  the  slow  regain  of  the  full  light  intensity. 

• 

Hence,  prior  to  an  experiment  and  after  the  tube  had  been  filled, 
the  intensity  of  the  transmitted  light-  Lj  was  measured.  During 
experiments  at  starting  pressures  of  =  9^  mm  %,  practically 
all  light  absorbing  species  decomposed  behind  the  reflected 
wave,  so  that  the  oscilloscope  trace  approached  a  level  which 
was  Identified  with  the  one  corresponding  to  full  light  trans¬ 
mission  IQ  without  any  absorption  from  the  gaseous  phase 
(cf.  fig.  5a).  The  difference  IQ  -  I ^  could  be  read  from  the 
oscilloscope  records  -and  the  molar  absorption  coefficient  of 
hydrazine  at  340  could  be  calculated.  It  v/as  found  to 
be  £*X  =  1.0*10^  cmVmole  (x  =  geometric  path  length).  Knowing 
the  extinction  coefficient  of  unreacted  hydrazine,  the  value 
of  I/]  and  the  gas  pressure  made  it  possible  to  derive  the  value 
of  I  also  for  experiments  which  did  not  show  full  light 
transmission  on  the  oscilloscope  (fig.  5b  -  d). 
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The  trigger  to  the  oscilloscope  was  provided  by  one  of  the 
schlieren  stations,  described  ■  .  section  A.  The  detonation  speed 
was  examined  on  the  basis  of  the  time  difference  recorded  bet¬ 
ween  passage  of  the  detonation  and  of  the  reflected  wave  through 
the  UV  light  beam.  Other  details  of  the  experimental  procedure 
and  of  computing  the  reaction  conditions  have  been  mentioned 
in  section  A. 


III.  IS3ULTS 

The  oscilloscope  records  in  fig.  5  illustrate  the  absorption 
traces  behind  detonations  of  hydrazine  at  four  different 
starting  pressures.  The  sweep  speed  was  50 /‘sec/cm,  the  vertical 
deflection  6.2  V/cm.  The  horizontal  straight  trace  corresponds 
to  the  initial  absorption  through  hydrazine.  Upon  arrival  of  the 
detonation  front,  the  absorption  increases.  This,  however,  cannot 
be  caused  by  undeconposed  hydrazine.  Table  I  (p.ll)  includes  the 
temperature  and  density  ratio  for  the  shock  front  of  a  stable 
detonation  through  hydrazine.  At  a  temperature  of  1427  °K  and 
a  density  of  about  8.10  ^  mole/cm  ,  the  expression  for  the 
half-lives  (ref.  15)  ,/r’^.exp(+400C0/5T  )  sec. 

suggests,  that  most  of  the  hydrazine  has  been  decomposed  within 
less  than  l^isec  under  isothermal  conditions  and  the  more  so  when 
thermal  self-acceleration  by  adiabatic  heat  release  takes  place, 
'.’.oreover,  due  to  the  time  compression  effect  this  reaction  time 
appears  to  the  observer  to  be  shortened  by  a  factor  which  variet 
between  18  and  5*  (In  or<.ar  to  transform  observed  reaction  tine 

to  a  particle  time  scale,  the  former  has  to  be  multiplied  by  the 
density  ratio  with  respect  to  she  initial  gas.  This  density  ratio 
varies  across  the  reaction  zone  as  illustrated  by  fig.  6), 
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b)  F*=60mmHg 


d)P,=30mmHg 


Fig.  5.  Absorption  Traces  of  NHg  behind  Detonati 
ons  with  N2H4 .  \=2500Jl 


a 


Even  though  the  curvature  of  the  detonation  front  involves  a 
rise  time  of  the  initial  absorption  signal  of  about  5/*sec,  the 
signal's  whole  length  of  about  20  ytrec  is  not  accounted  for  by 
the  absorption  of  hydrazine.  Hence  it  is  ascribed  to  ammonia. 

Following  the  initial  absorption  peak,  the  trace  drops  off, 
explainable  partly  by  volume  expansion,  partly  by  a  decrease  in 
temperature  v/hich  involves  lowering  of  the  extinction  coefficient 
of  NIIj,  and  partly  by  the  thermal  decomposition  of  KE^. 

After  a  period  of  time,  which  covers  263  to  310 /■‘sec  from 
the  passage  of  the  detonation  front  on,  the  reflected  wave 
compresse's  and  heats  up  the  reaction  products  such  that  renewed 
absorption  is  manifested. 
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The  following  table  summarizes  some  of  the  observed  quanti¬ 
ties  from  records  in  rig.  5*  P-|  is  the  initial  pressure  of 
hydrazine  at  34-0  °K,  ^  the  gas  density  in  front  of  the 

detonation,  t  is  the  time  elapsed  between  passage  of  detonation 
and  reflected  wave  through  the  recording  light  beam,  I  is  the 
calculated  value  of  the  light  intensity  without  any  absorption  in 
the  gaseous  phase.  I  /I^  is  the  maximum  absorption  right  behind 
the  detonation  front,  attributed  to  an  intermediate  stage  of 
the  reaction,  and  I0/I^  is  the  maximum  absorption  behind  the  re¬ 
flected  shock  wave. 


Table  II 


■P^  [nra  Ilgl 

tr[^sec] 

I0CV1  f-i-IC0 

log  1^  log  Iq/I5  ot 

t 

a) 

90 

262 

0.49  4.2S 

0.6?  0.36  1.6 

0.53 

h) 

6C 
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0.40  2..w 

0.44  0.40  1.6 

0.92 

c) 

40 

308 

0.47  1.i9 

0.33  0.44  1.7 

1.3 

d) 

30 

305 

C.56  1.42 

0.30  0.48  2.1 

1.6 
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_r.ce  the  conditions  (temperature,  density)  "behind  the  detonation 
front  are  basically  unknown  no  statements  about  the  NHj  concen¬ 
trations  can  be  made  at  this  point.  Moreover,  the  curvature  of 
the  shock  front  makes  it  impossible  to  measure  the  initial  ab¬ 
sorption  of  decomposing  NIl^  behind  the  detonation  front 
(of.  p.  43  ). 


r.v\  DISCUSSION 

Lusady  detonations  are  followed  by  nonsteady  rarefaction  waves. 

The  distribution  of  density  and  local  velocity  has  been  dealt  with 
theoretically  and  experimentally  (ref.  39,  40).  In  this  case, 
however,  the  starting  conditions  for  the  development  of  these 
detonations  are  rather  complicated  because  they  are  initiated  by 
detonations  after  rupturing  of  a  diaphragm. 

In  addition  to  this,  the  oscilloscope  records  of  fig.  5  indicate 
that  ample  quantities  of  NII^  are  present  even  ab  the  point 
where  the  wake  of  the  detonation  interacts  with  the  reflected 
shock.  Since  the  measured  detonation  velocity  corresponds  closely 
to  a  theoretical  value',  which  was  calculated  on  the  assumption 
that  no  NHj  is  left  in  the  G IIArMAN- JGUGUET  state,  one  should 
conclude  that  the  reaction  period  is  not  at  an  end  even 
260  -  36C^sec  after  the,  detonation  front  has  passed  the  recording 
light  beam.  Under  ideal  conditions  rarefaction  v/aves  should  not 
pass  beyond  the  CHAPMAN- JOUGUET  region  because  of  the  limiting 
condition  for  the  local  flow  velocity  I£  =  1. 

On  the  other  hand  ,  these  detonations  are  not  really  stable, 
even  though  the  detonation  velocity  is  reproducible  and  does 
not  chow  any  dependence  upon  the  composition  of  the  initiator  gas. 


The  series  of  oscillograms  in  fig.  5  together  with  the  evaluated 
data  in  tab.  II  illustrate  a  pronounced  pressure  dependence  of 
the  absorption  as  well  as  of  the  time  interval  between  recording 
detonation  front  and  reflected  wave.  This  should  not  be  expected 
for  stable  hydrazine  detonations,  because  the  GhVJ-'.M AN- JC u GUST 
temperature  of  20G0  °K  is  too  lev:  to  induce  any  appreciable 
dissociation  of  reaction  products.  Also  the  density  profile  in 
the  expansion  fan  should  be  independent  of  pressure  in  such  a 
case  (ref.  39).  In  these  experiments,  the  reflected  waves  take 
more  and  more  time  before^  they  cross  the  UV  beam  and  relatively 
more  and  more  ammonia  appears  behind  both  the  detonation  front 
and  the  reflected  shock  the  lower  the  starting  pressure  is. 

The  variation  in  the  stoichiometry  of  the  reaction  is  demonstrated 
by  the  dimensionless  parameters  d  and  ^  (table  II). 


a  represents  the  logarithm  of  the  measured  initial  absorption 
log  I0/'Ii  =  ECT^-x*  ^(NKj),  divided  by  the  initial  density 
of  hydrazine  .  £(T^)  is  the  extinction  coefficient  of  at 
25CC  2.  and  the  partial  density  of  ammonia,  Measurements 

of  the  temperature  dependence  of  Nxij  are  being  made  (&(T)  has  been 
determined  only  up  to  wavelengths  of  24C0  9.  so  far,  ref.  7).  Ia 
any  case,  without  assuming  a  definite  stoicniometry  of  the 
hydrazine  decomposition  neither  the  temperature  course  nor  the 
profile  of  total  density  across  the  reaction  zone  can  be  calculated. 
But  for  stable  detonations  the  ratio  of  densities  in  the  initial 
gas  and  at  the  observable  intermediate  reaction  stage  could  be  ex¬ 
pected  to  be  the  same  at  all  pressures.  This  is  not  born  out  by 
the  present  evaluation  as  shown  by  the  change  in  d,  which  indicates 
an  increase  in  the  relative  ammonia  production  with  decreasing 
pressure. 
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log  I  /Ic  i  (Ts)  .  fi-(NH,) 

i  is  defined  as  the  ratio - 2  ■  - 2 - 2 - 2—-  . 

log  10/Ii  t'C^) 

This  quantity  is  .-.a  criterion  for  the  amount  of  I;I;^  which 
has  decomposed  in  the  time  interval  between  recording  of  the 
detonation  front  and  the  reflected  shock  (subscript  5  denotes 
.parameters  behind  the  reflected  shock).  Despite  the  fact  that 
this  time  interval  increases,  more  and  more  ammonia ‘survives 
in  the  wake  of  the  detonation  with  decreasing  detonation 
pressure,  jb  grows  from  0.35  at  P-,  =  90  mm  Hg  to  1.6  at 
P^  =  30  am  Kg.  This  might  be  explained  in  terms  of  a  tempera¬ 
ture  decrease  due  to  the  interaction  with  expansion  waves 
from  Doth  the  walls  and  the  initiation  end  of  the  tube. 

On  the  assumption  that  hydrazine  decomposes  within  a  fraction 

of  a  jxsoc  according  to  ii^H^ - *■  iili*  +  1/2  Kg  +  V2  Ilg,  followed 

by  the  slow  pyrolysis  of  NH,.,  and  that  the  effects  of  expansion 
waves  are  negligible  within  the  observation  time  of  about 
300 yusec,  the  course  of  temperature,  density  ratio  and  local 
Mach  number  have  been  calculated  (fig.  6).  As  before,  indices  , 
F,  i,  CJ  and  5  denote  conditions  of  the  initial  gas,  at  the 
shock  front,  at  the  point  whore  hydrazine  has  decomposed  but 
where  all  is  still  present  (see  above),  in  the  CHAPIdAN- 
JU’JGUitf  state  ana  behind  the  reflected  shock,  respectively.  It 
is  interesting,  to  note,  that  the  temperature  in  the  reaction 
z^ne  exceeds  the  one  in  the  (JHAPMAN-JO'uGUii-T  state. 

On  the  basis  of  this  -.''del,  one  may  relate  the  measured  absorp¬ 
tion  values  of  Dehind  tna  detonation,  to  reproduce  the 
profiles  of  partial  density  of  i':R^  and  temperature.  Rough 
estimates  indicate  a  surprising  consistency  of  temperature. 
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Fig*  6 

Detonation'  Conditions 
(with  D  =  2.488  imZjj.se c) 
governed  by  the  reaction 
N2H4 — *■  NK3+1  /2H2+1  /2N2  — 
N2  +  2  H2 


=  90  mm  Hg 
Pj.  =  9.0  atm. 
Pi  =  2.85  atm. 
Pqj—  1 .21  atm. 
Pj  =  2.66  atm. 


t  (observed  time) 


density  and  kinetic  data  of  the  NH^  pyrolysis,  known  from 

previous  measurements  (ref. 7).  The  calculated  value  for  the 

speed  of  the  reflected  shock,  travelling  through  the  detonation. 

wake  in  the  CEAPuAN-JOUGUET  state  is  Uj  =■  1.15  mm/yusec. 

(Calculation  of  the  conditions  behind  the  reflected  shock  in 

fig.  6  is  based  on  the  assumption  that  the  reaction  has  come 

to  an  end  before  the  reflected  snock  appears,  such  that  any 

further  reaction  behind  the  reflected  shock  could  be  ignored. 

The  dissociation  — >2Ewas  accounted  for.  Fig.  6  applies 

only  to  an  idealized  stationary  detonation).  Further 

approximate  calculations  show  that  the  speed  of  the  reflected 

shock  is  scarcely  influenced  by  amounts  of  unreacted  ammonia  in 

the  wake  or  by  expansion  waves  from  the  initiation  end  (estimated 

according  to  ref.  59).  u-  varies  between  1.15  aad  1.07  inm/yWsec. 

This  result  in  comouted  values  for  the  time  interval  t  between 

*  r 

268  and  275  yusec.  The  experimental  values  for  =  90  mm  Hg 
range  from  263  to  270  y^sec.  This  consistency  is  most  likely 
fortuitous  and  has  to  be  examined  more  stringently.  At  lower 
initial  pressures  than  P^  =  90  mm  Kg,  the  observed  values  for 
t„  are  as  high  as  310  jf. sec.  This  suggests  that  other  effects  are 
operative  besides  phenomena  associated  with  stationary  one- 
dimensional  detonations. 

Within  these  cursory  studies  an  interesting  type  of  detonation  has 
been  considered.  The  gradual  variation  of  the  quantities  tr,o(. 
and  p  with  pressure  suggests  that  all  of  these  detonations  under 
the  conditions  used'  are  Inherently  unstable  despite  reasonable  values 
for  the  instantaneous  detonation  velocity.  Nevertheless,  one  may 
expect,  that  under  more  favouraole  initial  conditions  they 
become  -table. 


24 


C,  Results  from  Shock-Wave  Studies  of  the  Decomposition  of  ^0 
•I.  INTRODUCTION 

To  interpret  the  observations  of  hydrazine-nitrous  oxide  detonations 
reported  in  section  A,  a  more  intimate  knowledge  of  the  thermal 
decomposition  of  both  hydrazine  and  nitrous  oxide  is  required.  For 
this-  purpose,  some  results  of  shock-tube  experiments  with  ^0 
might  ultimately  provide  supplementary  information,  apart  from 
the  fact  that  they  are  interesting  for  themselves. 

The  kinetics  of  the  NgO  decomposition  has  been  the  subject  of 
a  number  of  investigations.  The  results  of  studies  at  temperatures 
below  1100  °K  have  been  summarized  by  JOHNSTON  (ref.  17)*  Some 
work  has  been  devoted  to  details  of  the  initial  activation  process 
in  the  unimolecular  reaction  (ref.  18  -  2o)  and  to  the  individual 
rates  of  secondary  steps  (ref.  21  -  25)*  These  have  indicated 
a  nttmber.of  uncontrolled  complications,  which  preclude  any  extra¬ 
polation  from  these  data  to  higher  temperatures.  Investigations 
at  high  temperatures  have  introduced  some  interesting  technical 
innovations  but  have .yielded  somewhat  divergent  results  (ref.  24 
-  26).  The  shock-tube  experiments  in  process  are  expected  to 
provide  some  reliable  information.  Because  the  ^0  decomposition 
is  exothermic,  reflected  shock  waves  had  to  be  used  (ref.  7). 

II.  EXPERIMENTAL 

The  same  shock  tube  including  the  photoelectric  recording 
technique  used  for  the  investigation  of  hydrazine  and  ammonia 
and  described  in  ref.  6  and  7  serves  for  the  reexamination  of 


the  K 2<D  decomposition.  As  outlined  before,  shock  parameters 
were  calculated  by  iteration  from  the  velocity  of  the  incident 
shock,  the  attenuation  of  which  was  known. 

In  preparing  the  test  gas,  the  flow  velocities  of  Ar  and 
NgO  (controlled  by  means  of  capillary  flow  meters)  were  set 
in  the  desired  proportion.  The  gases  were  mixed  before  they 
entered  the  evacuated  shock  tube,  liitrous  oxide  (cf.  p.7) 
and  tank  argon  for  welding  (ref.  7,  p.41)  were  used  v/ithout 
further  purification. 


Two  series  of  measurements  at  two  different  pressures  can  be 
reported  now,  both  covering  a  range  of  L'ach  numbers  from 
2. 55  to  2.80,  involving  reflected  shock  temperatures  between 
1550  and  1850  °K  at  reaction  pressures  of  about  2  and  6.6.  atm. 


Records  of  ^0  reactions  at  temperatures  higher  than  1850  °K 
have  been  excluded  in  the  present  report  because  of  uncertain¬ 
ties  in  the  reaction  conditions.  Gas  mixtures  investigated 
so  far  contained  0.9  and  1.9  mole#  1^0  in  Ar.  Such  high  con¬ 
centrations  involve  considerable  thermal  effects  during  the 
time  in  which  they  react  behind  reflected  shock  waves.  A 
simple  estimate  of  these  reaction  conditions,  based  upon  inter¬ 
polation  between  two  cases  of  stationary  reactive  flow  that 
are  amenable  to  exact  computation,  has  been  outlined  in  ref.  7- 
This  method,  however, requires  knowledge  of  the  final  product 
composition  (l^,  0^  and  1T0)  anc  of  the  enthalpy  of  the  reaction. 
Previous  work  (ref.  25)  did  not  provide  this  information.  Thus, 


the  present  evaluation  had  to  bo 


re.  tricted  to  the  initial  stages 
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of  the  reaction,  where  thermal  effects,  are  negligible,  and 
to  decompositions  that  proceeded  slowly  enough  so  as  not  to 
accelerate  the  reflected  shock.  Thus  the  initial  temperature 
of  the  reaction  corresponded  closely  to  the  temperature  of 
the  reflected  shock  calculated  by  ignoring  any  reaction 
whatsoever.  At  Kach  numbers  higher  than  2.95»  reflected  shock 
speeds  were  measured  which  revealed  a  definite  acceleration 
of  the  reflected  wave.  Thus,  besides  records  of  the  reaction 
rate,  another  criterion  was  available  to  determine  the  point 
up  to  which  the  initial  reaction  conditions  could  be  given 
by  the  simple  shock-wave  theory.  Possibilities  for  measuring 
the  exact  proportion  of  NO  among  the  reaction  products  will 
be  outlined  below  (p.43  ). 

As  with  hydrazine  and  ammonia,  the  density  profile  of 
was  followed  on  the  basis  of  its  absorption  of  ultraviolet 
light  at  wave  lengths  between  22pC  and  24CC  n.  The  station 
for  photoelectric  recording  was  situated  "10  ca  upstream  from 
the  reflecting  plate.  The  effective  beam  width  of  the  UV 
light  amounted  to  about  C.7  mm.  ./ith  an  average  reflected 
shock  speed  of  0.48  mm/^soc,  this  resulted  in  a  maximum  time 
resolution  of  1.5yAsec..  Accordingly,  the  electrical  time 
constant  of  the  recording  unit  was  chosen  to  be  1  usee. 
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data  of  extinction  values  in  the  wave-length  interval  from 
2100  ?■.  to  2600  X  (continuous  absorption,  ref.  27)  at  room 


temperature  did  not  furnish  much  hope  that  photoelectric 
techniques  might  be  useful  in  this  instance.  Fig.  7a, b  and 
8a,  b  shew  oscilloscope  record:  of  the  absorption  traces.  The 
base  -line  results  from  the  pho Socurrcnt  of  the  full  intensity 
cl  the  incident  light  (applied  after  each  experiment).  The  first 
step  of  the,  absorption  trace.,  clearly  diccernable  only  for  wave 
lengths  A<  2300  X  occured  as  the  incident  shock  front  passed  by. 
As  the  reflected  wave  crossed  the  recording  light  beam,  strong 
absorption  appeared  with  subsequent  decomposition  of  N?0  at 
a  rate  which  depends  upon  the  shock  strength. 


Despite  the  long  rise  time  of  the  absorption  signals  (occasionally 
up  to  lO^usec),  indicating  curvature  and  tilt  of  the  shock  fronts, 
the  decomposition  of  proceeded  so  slowly  at  temperatures 
below  1800  °K  that  reliable  evaluation  of  the  initial  absorption 
was  possible.  Fig.  9  shows  the  derived  extinction  coefficients  in 
dependence  upon  computed  temperatures.  For  the  monochromator  the 
following  slit  widths  were  used  as  she  various  wave  lengths  in¬ 
volving  the  dispersion  values  given  below; 


x  cal 

22C0 

2250 

S  fro] 

0.5 

0.3 

M/ds  [  ft/i om] 

22 
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The  increasing  dispersion  of  the 
of  the  slit  (in  order  to  make  up 
sensivaty  of  the  photomultiplier 
source)  largely  compensate  each- 
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monochromator  and  the  widening 
for  the  decrease  in  both  the 
and  the  intensity  of  the  light 
thor,  such  that  the  spectral  band 
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Records  of  Absorption  behind  Shock  Waves  with  N2O 


Fig.  7 


Fig.  8 


i>)  U,=  0,m~~-  1,92  V.  up  A  =  2250/?  b)  U,*  0,955  1,54V.  b 1,0  2=22  50/? 


if  *0,553  Ss’V-nZBf  W OV  $f=0553  fs*  S,2-I0'7&$  U*  1,5  V 

%.=  17 58°K  £jX  *3,0.l<F%ff  TS*2070°K 


sweep  200/uSec/cm;  0,5  V/cm 


sweep  WOju.sec/cm .  0,5  V/cm 


Records  of  Emission  during  Pyrolysis 


half -width  oF  the  first  stage  2U0jwSec  c )  half-width  of  the  first  stage  6 Oju.  sec 


1,  8  %  N20 


1,8  Vo  N20 


sweep  200u.sec  /cm.  02  V/cm 


width  is  of  the  same  magnitude  throughout  the  wave-length 
inter  *rcil  « 

In  general,  data  from  incident  and  reflected  shocks  match 
satisfactorily.  No  systematic  dependence  upon  pressure  or  con¬ 
centration  could  be  detected. 

In  fig.10  the  averaged  extinction  coefficients  have  been  re¬ 
plotted  versus  wave  length  in  order  to  illustrate  the  broadening 
of  the  whole  absorption  band  with  increasing  temperature. 

b)  Light  Absorption  of  NG 

At  wavelengths  around  2250  the  absorption  trace  does  not 
fall  back  to  the  zero  line,  as  illustrated  particularly  by 
fig.-  8  b,  Since  some  bands  of  the  ^-system  of  NO  are  situated 
in  this  region  (0,0  and  1,1  transition)  the  persisting  absorption 
might  be  caused  by  the  reaction  product  NO  (the  fail-off  in 
fig.  7b  is  probably  caused  by  cooling  and  expansion  waves,  the 
effect  of  which  is  shown  because  of  the  slow  sweep  speed  of 
200  yttsec/cm).  Data  about  the  kinetics  of  the  NO  decomposition 
behind  shock  waves. (ref.  28)  suggest  that  the  rate  determining 
reaction  2  NO— ♦  Ng  +  Og,  with  k  =  4.8*10 23.rp-5/2.  eXp  500/RT) 

cm^/mole*sec  would  involve  a  half-life  of  NO  not  shorter  than 
0.1  sec  below  2CCC  °K,  as  soon  as  NgO  has  disappeared.  Hence, 
the  reaction  product  can  be  considered  as  practically  stable 
behind  these  reflected  shock  waves,  even  though  the  equilibrium 
proportion  of  NO  at  2000  °K  is  not  more  than  1  mole/S  of  the  sum 
of  Np  and  0^-  The  concentration  of  NO  appearing  at  the  end  of 
the  1^0  decomposition  can  be  determined  from  the  remaining 
abs oration  at  this  point  if  the  extinction  coefficients  of 
NO  are  known.  This  will  also  provide  knowledge  of 
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the  stoichiometry  and  of  the  enthalpy  of  the  WgO  decomposition. 
Then  the  exact  reaction  conditions  are  accessible  to  computations, 
and  investigations  can  be  extended  to  appreciably  higher  tempe- 
••  cures.  Experiments  for  the  quantitative  determination  of  the 
light  absorption  by  nitrous  oxide  at  high  temperatures  are  in 
progress. 


c)  Initial  Decomposition  Dates  of  NpC 


Since  the  over-all  heat  of  the  NpO  reaction  is  still  unknown  under 
these  conditions,  it  would  be  premature  to  evaluate  the  whole 
of  the  absorption  trace  from  kinetic  aspects.  The  initial  rate 
of  decomposition,  however,  will  not  be  affected  by  thermal 
self-acceleration.  The  major  steos  in  the  thermal  decomnosition  of 
this  cuasi-unimolecular  reaction  are  generally  believed  to  be 
(ref.  21,  24,  hot  atoms  as  suggested  in  ref.  2o.will  be  in¬ 
significant  with  an  excess  of  inert  gas): 


(1) 

(2) 

(2') 

(3) 

(4) 

(5) 

(5') 

(6) 


NgO  — >  N2  +  0 

0  +  NgO  — >  Ng  +  02 
0  +  NgO  — >  2  NO 
NO  +  NgO  — *  Ng  +  NOp 


k,  =  2.5*l0/'/<’exp(-50  ^00/ST)cmVnxfe« 
5  sec 

(ref  .29) 


NO, 


N20 


Ng  +  Op  •+  NO 


U  +  0  +  NO 

0  +  NO 
H  +  0  +  0  - 


N0o  +  I.I  kc=(2  to  4)-10'1&cm6/mole£:.sec 

^  ( ■nci  f*  ^ 


NoJ— D0p+  fcy 

°2  +  “■ 


(ref.  26) 


k.-=2.1017*T”1  cm6/mole2.sec 
°  (ref.  3o,31) 


No  other  rate  constants  than  k,.,  k^  and  kg  are  known  with  any  cer 
tainty.  ~ome  further  thermal  decomposition  steps  of  I'.Op  (ref. 32) 
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are  irrelevant  for  the  consideration  of  the  initial  reaction 
rate  cf  The  radiative  recombination  of  l<0  and  0(5') 

forming  NC>2  was  estimated  to  account  for  only  a  small  fraction 
(about  1C-3)  of  the  termolecular  reaction  (ref.  21). 

For  the  disappearance  of  N 20,  the  following  rate  expression  re¬ 
sults: 

-  d[N20]  /dt  =  kx  [  tf2c:  +  (k2+  kpfKgOj-fo]  +  kj[N20]  [NO] +kj^[i;0^ 

In  evaluating  initial  rates,  it  is  sufficient  to  assume  that  [0} 

[NO]  and  [N02]  ,  as  well  as  additional  terms  which  account  for 
thermal  self-acceleration,  increase  linearly  with  time: 

-  d  In  [n2o]/  dtssk-^  +oC-t 

The  oscilloscope  record.-  (such  as  fig.  7a  and  r/b )  were  ‘smoothed 
and  plotted  in  a  concentration  scale.  By  taking  the  difference 
A  In  U'20]  per  time  At  in  the  various  reaction  stages,  one  was  able 
to  extrapolate  to  the  point  t  =  0,  the  beginning  of  the  reaction, 
thus  obtaining  the'  first  order  rate  constant  k-^,  which  is  assigned 
to  the  unimolecular  decomposition  of  Kp0.  Because  of  the  slow  rise 
time  of  the  absorption  signals,  conditions  at  the  start  of  the 
reaction  wore  somewhat  obscured  in  the  records.  Fig.  11-,  however, 
is  a  typical  extrapolation  plot  for  k-^,  which  illustrates  that 
this  procedure  will  not  be  compromised  by  too  large  an  error. 

There  is  a  monotonous  increase  of  the  formal  first-order  rate 
constant  with  time  up  to  the  point  where  the  evaluation  of 
the  oscilloscope  records  becomes  impossible  because  of  too 
low  absorption  values. 
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Fig.  11  Extrapolation  Plot  Tor  Initial  Rate,  Corresponding 

to  fig.  7a. 


Fig.  12  is  the  Arrhenius  plot  of  these  initial  rate  constant 
derived  in  this  way.  Data  from  experiments  at  temperatures  bet¬ 
ween  1530  G^d  1820  °K  and  ay  to eel  gas  densities  of 
0.4p *10  nole/cn-'  suggest  a  temperature  dependence  of 
1:7  =  1010-8  exp(-60  OCO/Ri')  sec”“.  This  compares  favourably 
with  the  rate  expression  at  lower  temperatures 

»  lO^'^.expC-^  400/SC- )  sec'"'1'  at  gas  densities  of 
0.25*10~:'  nole/cn5  (:.-f.  17). 

Come  points  from  experiments  ay  appreciably  higher  total  gas 
densities  are  included  in  fig.  12.  Because  only  initial  rates  are 
ccnsiu„r cd  here,  a  comparison  with  the  low  pressure  results  is 
y_  t  .  ..ed,  despite  the  sc;:.- what  different  partial  densities  of  l^0 
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At  the  initial  stages  of  the  reactions,  different  total  pressures 


is  strictly  ragul.-.tad  in  this  temperature  range  by  bimolecular 
activation,  viz.  it  is  close  to  its  low-pressure  limit.  The 
activation  energy  of  60  kcal/mole  is  still  comparatively  high  as 
compared  to  the  literature  values  which  range  down  .to  50  kcal/mole. 
This  is  contradictory  to  the  predictions  of  unimolecular  rate 
theory,  which  requires  a  fall-off  of  the  activation  energy  as 
the  low-pressure  limit  is  approached  (ref.  33)*  Implications 
of  the  dissociation  of  via  forbidden  triplet  states,  however, 
account,  for  the  exceptional  behavior  of  this  compound  and  hare  been 
discussed  in  the  literature  (ref.  18,  20). 


Extension  of  these  experiments  to  higher  temperatures  might 
further  confirm  these  data.  Assessment  of  the  significance  of 
various  secondary  reactions  will  bo  possible,  when  we  know  to 
what  degree  the  heat  of  the  reaction: 

NgO — >i\T2  +  1/2  O2  dli°  =  -  19.4-6  kcal/mole  (300  °K)  is  compen¬ 


sated  by  the  endothermic  character  of  the  competing  decomposition 
mode 


NgO— >1/2  Kg  +  NO  Aif 


-r  2.12  kcal/mole  (300  °K). 


The  effect  of  thermal  self-acceleration  might  possibly  even 
outweigh  the  catalytic  acceleration  of  the  reaction  by  intermediate 
products  under  the  present  experimental  conditions. 


d)  Gnectroscopic  Observati :  ir.  •  mission 

Other  work  has  indicated  a  typical  chemiluminescence  assigned  to 
reaction  (51)  of  nitric  oxide  wi.'  oxygen  atoms  (ref.  21,34-). 

The  glc ::  is  reported  to  appear  as  n  continuous’  spectrum  extending 
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from  about  4500  to  6500  ft.  Several  experiments  were  made  to  ob¬ 
serve  the  magnitude  ox'  this  chemiluminescence  and  its  dependence 
upon  time  and  temperature  during  the  decomposition  of  NpO  behind 
reflected  shock  waves.  Even  though  this  phenomenon  has  been  ob¬ 
served  before  during  the  decomposition  of  NpO,  it  was  not  certain 
at  all,  whether  it  would  also  appear  with  an  excess  of  Ar,  be¬ 
cause  added  gases  were  shown  to  reduce  the  glow  intensity 
appreciably  (ref.  21). 

A  2  mm  wide  section  of  the  window  at  the  lower  end  of  the 
shock  tube  was  imaged  onto  a  HCA  931  A  photomultiplier,  the 
light  passing  on  its  way  through  SCHOTT  interference  filters 
(type  Al,  A  =  5620  ft,  max.  transmission  64  %,  snectral  half- 
width  200  ft,  and  another  one  with  X  =  4090  ft,  max.  trans- 
mission  51  %)•  With  the  4090  ft  filter,  scarcely  any  vertical 
deflection  of  the  oscilloscope  trace  was  recorded.  With  the 
5820  ft  filter,  however,  oscillograms  cf  the  kind  reproduced  in 
fig.  r/0  and  8c  were  obtained.  The  shock  speeds,  concentrations 
and  partial  densities  of  NpO  in  fig. 7c  and  8c  correspond  close¬ 
ly  to  the  values  given  in  the  legends  of  fig.  7a,  b  and  8a,  b, 
resp.  The  emission  signals  are  composed  of  two  parts:  a  larger 
stage  which  commences  with  the  arrival  of  the  reflected  shock 
and  the  half-period  of  which  (200  and  60 yuisec,  resp.)  coincides 
approximately  with  the  hslf-lives  of  NpO  (220  and  40yusec,resp. ); 
moreover,  there  is  a  more  persisting  but  lower  luminescence 
which  fades  uniformly  come  500 jxnec  after  the  passage  of  the  re¬ 
flected  shock,  probably  explainable  by  cooling  effects.  The  rise 
time  of  the  former  signal  is  strongly  dependent  on  temperature. 

At  1?S0  °X  (fig.  7c),  it  takes  some  100 ^.sec  to  attain  its  full 
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height;  at  2080  °K  (fig.  8c),  the  rise  time  amounts  only  to 
20  jx sec  (time  resolution  in  these  experiments  approximate3y 
4- ^sec).  V/ave  length  dependence  and  simultaneity  of  this  glow 
with  the  reaction- are  strong  evidence  for  its  being  caused 
by  radiative  recombination  of  NO  +  O^KOg— >■  NO2  +  hv.  Con¬ 
sequently,  the  emission  intensity  should  be  given  by 
I  =  ki (NO)  (0),  and  it  might  be  used  to-  trace  the  change  in  the 
product  of  the  concentrations  (NO]  and  (0) .  Under  the  present 
conditions,  however,  ample  self-absorption  seems  to  take  place 
because  the  magnitudes  of  -the  emission  signals  are  determined 
neither  by  the  initial  1^0  concentration  nor  by  the  reaction  rate. 

These  cursory  emission  studies  are  relevant  to  this  investigation 
of  the  NgO  decomposition  in  so  far  as  the  observed  rise  time  to 
the  peak  intensities  indicates  that  there  is  a  slow  build-up  of 
the  NC  and  0  concentrations,  followed  by  a  decrease  in  either 
one  of  them  cr  both.  lienee  there  is  a  reaction  period  during 
which  oxygen  atoms  probably  exceed  by  far  their  equilibrium 
concentration. 
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Further  v/ork  to  investigate  the  pyrolysis  of  the  oxidizer  Ng 0 
at  high  temperatures  is  in  process. 


D. 


The  Thermal  Decomposition  of  hydrazine  in  Helium 
between  140Q- °K  ar.d  1550  °K 


I.  PROBLEM 

Investigations  of  the  thermal  decomposition  of  hydrazine  behind 
shock  waves,  using  Ar  as  a  carrier  gas,  have  indicated  that  the 


mechanism  at 
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Dependence  of  the  half-lives  upon  temperature,  concentration  and 
pressure  could  satisfactorily  be  accounted  for  by  a  set  of  four 
reasonable  rate  constantes  for  the  elementary  reactions,  the 
rate  determining  steps  being  the  chain  initiation: 


*2*4 


,  „n14  -60  000/RT  „  - 

10  *e  sec 


and  a  propagation  reaction 

KH2  +  N2K4 — ►  NHj  +  N2H5  k2~1015.e“12  000/RTcm3/raole‘sec 

The  temperature  dependence  of  k^  and  k2  given  above  allows 
extrapolation  to  a  region  between  1400  °£  and  1500  °K.  When 
H  ^  -  20.10  mole/cm  ,,  one  may  calculate  on  the  basis  of  an 
approximate  relationship  between  half-life  and  these  rate  con¬ 
stants  (ref.  7)  that  the  apparent  energy  of  activation  obtained 
from  half-life  measurements  and  the  activation  energy  of  the 
unimoiecular  initiation  step  should  not  differ  by  more  than  5  % 
in  the  temperature  region  above  1400  °K. 


II.  PROVISIONS  FOR  EXTENDING  INVESTIGATIONS  TO  SHORTER  REACTION  TIMES 
Previous  measurements  of  hydrazine  decomposition  in  Ar  were  confined 
for  reaction  times  longer  than  ca.  15 ^sec.  Close  to  the  shock  front 
absorption  signals  were  strongly  distorted  by  schlieren-effects. 

The  rise  time  of  the  signals  upon  shock  passage  amounted  to  as 
much  as  5  p- sec.  To  account  for  these  effects,  some  correction  proce¬ 
dure  has  already  been  given  (ref.  6).  But  the  corrections  were 
sometimes  of  the  magnitude  of  the  measured  quantity  itself.  Hence, 
no  reliable  kinetic  inform;.” ion  could  be  expected  about  hydrazine 
at  temperatures  higher  than  1400  °K,  where  the  half-life  of  the 
decomposition  lies  around  15 Jk sec. 

The  reliability  of  these  measurements  can  not  be  improved  unless 
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one  is  able  to  reduce  the  extent  of  the  schlieren-effect  and 
to  account  properly  for  the  shock-front  curvature.  This  can 
largely  be  achieved  by.  using  lie  as  a  carrier  gas.  For  the  same 
pressure  gradients,  the  schlieren-effect  in  He  is  about  eight 
times  smaller  than  in  Ar  (refractive  index  of  He  n  -1+0.36*10  , 

of  Ar  n  =  1+2.81*10“^;  cf.  e.g.  rei.  41). 

In  the  absence  of  schlieron-effects,  the  rise  time  of  the  ab¬ 
sorption  signals  upon  shock  passage  depends  upon  shock  speed 
and  shock-front  curvature-  (defined  as  the  distance  along  the 
center  line  from  the  shock  front  to  the  plane  formed  by  the 
intersection  of  the  shock  front  and  the  shock- tube  walls). 

Since  the  gases  behind  reflected  shocks  are  quiescent,  a  faster 
rise  time  of  the  absorption  signal  also  entails  an  improvement 
in  time  resolution.  The  rise  time  was  determined  to  only  a  small 
extent  by  the  effective  width  of  the  UV  beam,  which  was  0.5,  mm 
in  these  experiments  (for  its  experimental  determination  see 
ref.  61).  Hence,  the  attainable  time  resolution  would  have  been 
1  jk sec  with  Ar  as  carrier  gas-  and  0.35  sec  with  He  (the  average 
reflected  shock  speeds  were  470  m/sec  and  1400  m/sec,  resp.; 
the  electrical  time  constant  of  the  recording  unit  was  chosen 

as  ca.  0.5  fX sec). 

/ 

The  oscilloscope  recordes  in  Fig.  13  show  passage  of  the  incident 
and  of  the  reflected  shock  in  Ar  (fig.  13a,  M  =  2.46,  u^-794  m/sec, 
0.30  %  I^H^,  T^  =  1500  °K,  T/j//2=  ^ /‘sec>  £°v  denotation  and  experi¬ 
mental  details  see  ref.  6  and  7)  and  in  He  (fig.  Iph,  M  -  2.46, 

Ul  =  2  453  m/sec,  0,49  %  N2H4,  =  1500  °K,  T1/2  =  5 y^sec). 

A  strong  schlieren  spike  precedes  the  absorption  increase  across 
the  incident  shock  in  Act.  In  the  case  of  lie,  the  schlieren  effect 
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is  negligible  as  compared  to  the  size  of  the  absorption  signal. 

In  fig.  13a  the  rise  time  of  absorption  across  the  rellected  shock 
front  is-  5 ytsec,  in  fig-.  130  it  amounts  only  to  3 jj. sec.  This 
slow  rise  time  might  be  caused  by  the  tilting  of  the  shock  surface 
relative  to  the  UV  beam  or  by  shock-front  curvature.  Tilting  would 
have  manifested  i'tself  by  random  scattering  of  the  experimental 
rise  times.  Since  the  experimental  points  show  comparitively  little 
fluctuation,  shock  curvature  is  more  likely  the  proper  explanation. 
The  shock-front  curvature,  as  defined  above,  would  amount  to 
2.4  mm  for  Ar  and  4.2  mm  for ‘lie.  As  in  UK  and  PIPE'S  findings  for 
shock-front  curvatures  of  incident  shock  waves,  it  does  not  seem 
to  depend  noticeaoly  upon  the  shock  speed  (ref.  42  and  43). 

Thus,  the  advantage  of  using  He  as  a  carrier  gas  is  that  the 
range  of  experiments  can  be  extended  to  faster  reaction  rates. 
‘Absence  of  disturbing  schiicren  effects  makes  it  possible  to 
account  for  the  displacement  in  time  scale  by  the  shock-front 
curvature  when  the  reaction  periods  are  comparable  in  length  with 
the  rise  time  of  the  absorption  signal. 


For  the  purpose  of  this  evaluation,  a  simplified  model  of  the 
reflected  shock  surface  has  been  assumed  (a  more  rigorous  treat¬ 
ment  of  the  curvature  of  the  incident  shock  was  given  in  ref.  43). 
Cooling  which  results  from  the  formation  of  an  eventually  turbulent 
boundary  layer  in  the  wake  of  the  incident  shock  before  it  inter¬ 
acted  with  the  reflected  wave,  as  well  as  bifurcation  patterns  and 
weak  schiieren  effects  were  ignored  (cf.  ref.  7).  This  was  -justified 
in  the  case  of  He.  The  bulging  back  of  the  reflected  shock  surface 
was  approximated  by  an  isosceles  triangle,  its  height  being 
equated  with  the  experimental- shock  curvature  of  4.2  mm,  viz.  3 y^sec 
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in  tine  scale  (fig.  14).  For  the  sake  of  simplicity,  the  concen¬ 
tration  of  hydrazine  is  assumed  to  decrease  linearly  with  time 
from  the  start  of  the  reaction  to  its  half-period  (viz.  no  in¬ 
duction  period): 


9/  V 


5 


0.5 

^1/2 


t 


( ?  =  instantaneous  value  of  the  partial  density  of  NgH^, 

=  initial  value  behind  reflected  shock;  reaction  time  t 
and  half-life  ia  ydsec). 


Fig.  1/1 

The  relative  density  of  hydrazine  along  the  path  of  the 
UV  beam  is  then 

p/?5  ■  1  -  F5-  f  *  -  3(1-  TC>] 

'1/2 

t  is  the  time  counted  from  the  center  of  the  shock  front  or  in 

the  oscilloscope  records  from  the  point  of  maximum  absorption; 

x  is  the  distance  from  the  wall  (because  of  symmetry,  this  is 

taken  only  to  the  meddle  of  the  tube).  Then  the  apparent  degree 

of  reaction  is  obtained  by  integration  and  normalization 

with  half  of  the  optical  path  length  (1'6  mm): 

16 

^  ■  1  -  T6  i  ?/^5  C*  +  1-5) 

0  "1/2 

It  is  obvious  that  the  point  of  maximum  absorption,  where 
t  a  0,  does  not  any  longer  reflect  the  absorption  of  hydrazine 
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prior  to  the  reaction,  as  it  did  in  the  studies  made  in  the  tempera¬ 
ture  range  from  'll 00  °K  to  1300  °X. 

Then  the  induction  period  of  the  reaction  was  "appreciably  longer 
than  the  rise  time  of  the  absorption  across  the  reflected  shock. 

Now  even  at  t  «  0,  the  apparent  degree  of  reaction  appears  to 
be  3  *»  28.8  %  for  =  2.6  J* sec  and  7*5  %  for  ^ /SQC* 

The  initial  absorption  behind  the  reflected  shock  cannot  any 
longer  serve  as  the  basis  for  kinetic  evaluation  of  the  oscillograms. 
Instead  of  this,  the  exact  concentration  of  hydrazine  was  derived 
from  the  step  in  the  absorption  trace,  where  the  incident  shock 
passed  by,  utilicing  the  known  shock  parameters  for  incident  and 
reflected  waves.  The  theoretical  absorption  behind  the  reflected 
wave  prior  to  reaction  could  be  computed  then  by  extrapolating  the 
curve  for  the  temperature  dependence  of  extinction  coefficients  to 
values  beyond  1350  °K  (fig.  15). 

In  practically  all  experiments  with  He  as  carrier  gas,  the 
difference  between  theoretical  and  measured  extinction  at  the  ab¬ 
sorption  maximum  was  equal  to  the  apparent  degree  of  reaction  ^  , 
evaluated  by  means  of  ’the  above  expression  at  t  ■  0.  This  shows 
that  the  simplified  model  of  the  shock  surface  was  a  good 
approximation  for  the  reduction  of  the  present  data.  The  quantity 
used  to  characterize  the  decomposition  rate  of  hydrazine  was  the 
half-life  The  apparent  half-life  was  ^ke  time  inter¬ 

val  between  the  absorption  maximum  (t  =  0)  and  the  point  where  the 
measured  absorption  amounted  to  the  apparent  degree  of  reaction 
^  =  1/2.  From  the  expression  given  above,  one  derives  then  the 


relation  between  \/2  and  yg  : 

„  O-"  ' 

H/2  **  1/2  +1.5  yUsec. 

Hence,  the  displacement  caused  by  the  shock-front  curvature 
corresponds  to  approximately  half  of  the  time  interval  necessary 
for  the  absorption  signal  to  rise  to  its  maximum  value.  The 
absorption  at  the  point  where  1/2  was  obtained  by  back- 
calculation  from  the  measured  absorption  behind  the  incident  shock, 
using  the  known  shock  parameters  and  the  extrapolated  curve  of  the 
temperature  dependence  of  the  extinction  coefficients. 

Contrary  to  conditions  at  temperatures  below  1500  °X,  the  absorption 
of  ammonia  appearing  as  a  decomposition  product  of  hydrazine  could 
not  be  disregarded  in  these  experiments.  Assuming  the  stoichiometry 
of  the  reaction  to  be  — >NHj+1/2N2  +  1/2  Hg  and  using  the 

known  extinction  coefficients  of  NK^  (ref.  7,  15),  it  was  found  that, 
as  ha'.f  of  the  hydrazine  had  decomposed,  the  extinction  of 
amounted  to  approximately  10  %  of  the  extinction  of  hydrazine.  This 
was  accounted  for  in  the  present  evaluation. 

Parameters  of  the  incident  and  reflected  shock  waves  were  cdculated 

as  outlined  in  ref.  7-  for  He  and  Ar  containing  0.2,  0.3  and 

0.5  %  N0K^.  The  acceleration  of  the  reflected  shock  wave  by  the 

heat  evolved  during  the  reaction,  was  accounted  for  by  assuming 

the  esse  of  stationary  reactive  flow,  this  having  been  shown  to 

be  adequate  if  the  reaction  goes  to  completion  within  less  than 

50^,useo  (ref.  7).  Moreover,  the  correction  for  non-isothermal 

character  AT  was  added  to  the  computed  shock-front  temperature, 
e 

At  1.1  =  2.5  AT  was  1.5°,  2.3°  and  3-7  °c  for  carrier  gases 
)  6 


containing  0.2  %,  0.3  %  and  0.5  %  respectively  (also 

for  the  case  of  stationary  reactive  flow,  ATe  depends  somewhat 
upon  the  flow  velocity  of  the  gas). 

In  evaluating  the  extinction  coefficients  behind  the  incident  shock, 
the  initial  absorption  of  hydrazine  was  always  considered. 

III.  RESULTS 

A  new  shock  tube  having  the  same  dimensions  as  the  one  described 
previously  was  used.  The  aluminum  walls,  however,  had  not  been 
eloxized.  Thus,  it  was  necessary  to  check  whether  this  in  any  way 
promoted  the  heterogeneous  decomposition  of  hydrazine  under  the 
present  conditions.  The  extinction  coefficients  measured  behind  the 
incident  shock  and  reproduced  in  fig.  15  demonstrate  that* this  was 
not  the  case.  Nonetheless,  in  order  to  obtain  this  result,  the 
shock  tube  had  to  be  flushed  with  the  reactant  gases  under  the 
..nitial  pressure  of  an  experiment  for  the  same  lenght  of  time  as 
in  previous  experiments.  Under  -these  circumstances,  hydrazine  seems 
to  be  adsorbed  by  untreated,  aluminum  to  approximately  the  same 
degree  as  by  eloxized  aluminum.  The  extinction  coefficients 
measured  in  He  up  to  temperatures  of  830  °K  confirm  those  obtained 
previously  with  Ar  as  a  carrier  gas. 

The  half-lives  of  the  reactions  in  He  and  in  Ar  are  the  same 
(fig.  16).  Thus,  within  the  accuracy  of  these  experiments,  the 
decay  of  hydrazine  above  3  atm.  seems  to  be  independent  of  the 
nature  of  the  inert  gas  and  of  the  total  pressure.  Due  to  the 
greater  difficulties  in  the  reduction  of  data  at  faster  reaction 
rates,  the  scattering  of  the  points  is  more  pronounced  than  in 


47 


the  experiments  reported  previously.  At  temperatures  above 

14-00  °K,  no  systematic  -relationship  between  half-lives  and  the 

partial  density  of  hydrazine  is  detectable.  The  straight  line 

in-  fig.  16  corresponds  to  an  apparent  energy  of  activation  of 

40  kcal/mole  and  was  extended  to  temperatures  of  1550  °K  from 

o 

points  obtained  previously  in  the  interval  from  1100  K  to 
1400  °X.  The  half-lives  of  the  decomposition  rates  which  are 
supposedly  governed  to  a  larger  extent  by  the  unimolecular 
reaction  exhibit  an  activation  energy  which  does  not  seem  to  be 
different  from  that  in  the  temperature  range  where  the  chain  re¬ 
action  has  an  appreciable  share  in  the  over-all  reaction  rate. 

IV.  DISCUSSION 

Despite  the  strong  scattering,  the  points  in  fig.  16  clearly 
indicate  that  the  apparent  activation  energy  characterizing  the 
decomposition  of  hydrazine  above  1400  °K  is  not  appreciably 
different  from  40  kcal/mole.  This  result  is  surprising  in  that 
it  has  been  shown  that  the  chain  reaction  does  not  contribute 
much  to  the  overall  decomposition  at  these  partial  densities  of 
hydrazine.  Hence,  this  energy  of  activation  will  largely  be 
ascribed  to  the  unimolecular  fission  of  the  N-N  bond.  If  E=60 
kcal/mole  is  assumed  to  be  the  correct  value  for  the  critical 
energy  of  the  -N-N  bond  fission  (ref.  44),  then  a  decrement  of 
about  20  kcal/mole  would  not  agree  with  predictions  of  current 
theories  dealing  with  unimolecular  reactions. 

SLATER'S  uheory  (ref.  55)  allows  for  a  difference  be“'.  oen  measured 
activation  energy  and  critical  bond  energy  at  low  pressures 
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of  as  much  as 


AE  -  |  kT-A  (0)  <  17  kcal/mole  at  1450  °K, 

where  n  denotes  the  number  of  effective  nodes  of  vibration 
(in  hydrazine  n  =  12)  and  Ar(©)  a  factor  which  depends  upon 
total  pressure  and  varies  between  0  (at  the  high  pressure  limit) 
and  1  (at  the  low  pressure  limit).  ©,  the  parameter  proportional 
to  pressure,  is 


where  <o  represents  the  collision  frequency,  V  a  mean  vibrational 
frequency  and  f  a  factor  which,  when  n  =  12,  is  about  7  (ref. 53)* 
?or  the  conditions  of  the  present  experiments,  one  calculates 
with  S  =  60  kcal/mole  and  T  =  14pO  °K  ©  =  10^,  whence  follows 
A  (©)«*0 .2  (ref.  33*  p*  136)  and  AS  3*5  kcal/mole.  'i’hus,  the 
apparent  energy  of  activation  should  be  fairly  close  to  the 
high  pressure  value.-  In  fact,  the  experimental  result  that  the 
reaction  is  independent  of  pressure  and  that  ohere  are  no  inert 
gas  effects  would  contradict  the  usual  expectations  for  the  be¬ 
haviour  of  a  unimolecular  reaction  at  its  low  pressure  limit. 
SLATER'S  theory  does  not  explain  the  discrepancy  of  20  kcal/mole. 


KASSEL'S  model  allows  for  a  larger  difference  between  apparent 
activation  energy  and  critical  energy  at  low  pressures 


AS  =  n  kT  As  (?) 

But  even  this  interpretation 
conditions  are  ..uch  that  a  d 
rate  constant  with  pressure 


<  34  kcal/mole. 

is  suitable  only  if  the  reaction 
ofinitc  decline  of  the  first-order 
cakes  place. 
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It  is  curious  that  the  bond  dissociation  energy  given  by 


SZV.'AHC  (ref.  44)  v/as  obtained  as  the  activation  energy  of  the 
bond  fission  reaction  at  pressures  .around  10  mm,  which  is 
lower  by  a  factor  of  4*1  QTJ  than  the  pressures  prevailing  in 
the  present  experiments.  Thus,  despite  the  higher  temperature, 
these  present  shock  tube  investigations  should  have  furnished 
an  apparent  energy  of  activation  closer  to  the  high-pressure 
value  than  OZWARC ' 3  data. 

The  unexpected  result  that  the  activation  energy  does  not 
change  appreciably  with  temperature  has  to  be  examined  more 
closely.  To  obtain  more  confidence  in  these  shock-tube  data, 
it  is-  necessary  to  reduce  the  extent  of  deviations  from  ideal 
shock  behaviour.  This  might  be  achieved  by  using  a  shock  tube 
of  a  larger  diameter. 


E.  Descrir/cion  of  a  Ko-  ..'hock  Tube 


I.  Ii\‘ TaODUCT I0K 

Ctudicc  of  the  pyrolysis  of  uyorazine,  ammonia  and  nitrous  oxide 
(cf.  sections  C  and  D)  in  a  square  shock  tube,  p..2  cm  on  the 
inside,  had  revealed  certain  limitations  in  Doth  the  range  of  ex¬ 
perimental  possibilities  and  the  reliability  of  the  results.  Due 
to  Che  relatively  thick  boundary  layer,  appreciaoic  deviations 
from  iceal  shock  behavior  ..pprear.-.a,  such  as  attenuation  of  the 
shock  speed,  cooling  effects  to  -n  extent  which  could  not  be 
ignored  as  well  as  a  defa. .ite  curvature  in  the  shock  surface. 
Even  tnough  the  deviations  fro::'.  ide>  l  oehavior  of  the  reflected 
sncck,  when  interacting  with  an  attenuated  gas  flow  behind  the 
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incident  wave,  and  also  the  cooling  effects  could  be  accounted 
for  semiquantitatively,  the  shock-front  curvature  involved  a  loss 
in  time  resolution  and  prevented  .the  spectrophotometric  registration 
of  the  concentration  just  behind  the  shock  front  at  fast  reaction 
rates.  The  optical  path  length  of  3.2cn  imposed  a  lower  limit  upon 
the  concentrations  of  hydrasine,  these  being  high  enough  then  to 
produce  material  changes  in  the  shock  conditions  due  to  the  heat 
evolved  and  the  increase  in  the  number  of  particles'  during  the 
reaction.  It  was  necessary  to  apply  corrections  and  the  evaluation 
of  the  data  was  not  without  complications.  Besides  that,  one 
cannot  rule  out  that  certain  uncontrolled  factors  complicate  the 
hydrodynamics  of  gas  flowing  through  a  pipe  of  square  cross-section. 
In  view  of  this,  it  seems  obligatory  to  show  that  previous  results 
were  independent  of  the  peculiarities  of  the  technique. 

So,  a  new  shock  tube  was  constructed  which  allows  measurements  for 
which  these  disturbing  effects  are  greatly  reduced.  In  particular, 
it  was  necessary  to-  choose  a  larger  cross-section  for  the  tube. 

II.  CALCULATION  OF  THE  SHOCK-TUBE  DIMENSIONS 

It  appears  that  a  round  aluminum  shock  tube  with  10  cm  internal 
diameter  provides  a  considerable  improvement  and  comparatively 
clean-cut  flow  conditions.  The  dimensions  of  the  high  and  low 
pressure  parts  were  designed  according  to  empirical  rules 
concerning  the  path  length  for  stabilization  of  a  shock  wave 
(ref.  45,  46)  and  according  to  the  desired  observation  time  of 
the  reactions  after  shock  r.. flection.  For  the  most  part,  experi¬ 
ments  with  large  excess  of  Ar  are  planned  and  the  tube  dimensions 
were  calculated  for  this  purpose,  vho  prospective  Mach  number 


range  is  2.2.  <  M  <  3*7,  corresponding  to  initial  shock  speeds 
through  Ar  of  0.7  mm/  sec  <  u-^<  1.2  ram/ jxsqc.  In  the  lower 
Isach  number  range,  the-  observation  time  near  the  reflecting 
plate  is  limited  by  the  arrival  of  the  expansion  waves  from  the 
high  pressure  part.  In  the  higher  range  of  Mach  numbers  it  is  the 
interaction  of  reflected  shock  and  contact  surface  (since  in 
general,  the  acoustic  impedances  of  driver  and  test  gas  are  not 
matched),  which  sets  an  end  to  well-defined  reaction  conditions 
near  the  observation  window  (fig.  17)*  Because  of  cooling  effects, 
it  is  not  meaningful  to  permit  reaction  periods  much  longer  than 
about  1  msec  behind  reflected  shock  waves. 


Fig.  17  shows  the  wave  diagram  for  the  described  shock  tube, 
consisting  of  a  high-pressure  section  of  2. SO  m  length  and  a 
4.20  m  long  low-pressure  /art.  Conditions  for  initial  Mach 
numbers  LI  =  2.18  and  ?.I  =  3«75  with  initial  speeds  u^  = 

0.7  mm/ yj. sec  and  1.2  mm/^sec,  resp,,  have  been  illustrated.  A 
shock  attenuation  of  2  %/n  has  been  assumed.  Then  for  the  above 
examples  the  effective  Mach  numbers  (ref.  7)  near  the  observation 
window  are  2.0  and  3.44,  resp.,  on  the  basis  of  which  the  reflected 
shock  speeds  were  calculated.  Because  the  exact  computation  of  the 
velocity  across  the  expansion  fan  (the  corresponding  flow  con¬ 
ditions  are  not  shown  in  fig.  17)  is  laborious,  we  took  the  speed 
of  the  first  expansion  signal  from  the  point  of  reflection  at  the 
end  of  the  driver  section  to  the  interaction  with  the  contact 


surface  as  being  uniformly  the  raa  ximum  speed,  which  is  the  sum  of 
the  sound  velocity  through  expanded  hydrogen  c  (f^,  265  °K)  and 
the  flow  velocity  w.  In  uho  last  affect,  this  gives  a  lov/er  limit 
for  the  length  of  the  useful  observation  period  behind  the 
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reflected  rhock.  Beyond  the  contact  surface,  the  first  expansion 
signal  travels  at  the  sound  speed  of  the  Ar  gas,  v.’hich  is  heated 
by  .  hock  compression,  superimposed  to  the  flow  velocity  w. 

Various  investigations  by  other  workers  (ref.  47,  43)  have  indi¬ 
cated  that  the  contact  surface,  despite  deceleration  of  the 
shock  front,  mover,  at  an  almost  constant  speed  which  is  determined 
by  the  initial  shock  velocity.  The  first  expansion  signal  finally 
enters  the  quiescent  gas  behind  the  reflected  shock  and  changes 
the  conditions  at  the  observation  windows. 


In  the  case  of  faster  shock  waves,  it  is  not  the  expansion  fan  but 
the  wave  produced  by  refraction  of  the  reflected  shock  at  the 
interface  which  din tur'oee  the  observation.  The  shock  tube  was 
dimensioned  so  that  an  observation  tine  of  at  least  1  msec  is 
possible  throughout  the  projected  range  of  !.:ach  numbers,. 

It  was  calculated  (ref.  4 9)  that  the  aluminum  tube  with  a  wall 
thickness  of  10  mm  would  withstand  11o  atm.  under  static  conditions. 
Because  of  shock  stress,  it  is  suitable  to  admit  shock  waves  which 
produce  only  half  of  this  value,  viz.  55  atm.  behind  the  reflected 
shock.  bteel  flanges  wore  screwed  onto  the  aluminum  pipe.  The 
flange  thicknesses  and  scr>.w  threads  wore  designed  to  conform  with 
these  stress  requirements.  The  main  limitations  in  asing  shocks 
of  this  strength  lie  in  the  instability  of  the  building. 


Previous  experiments  had  shown  that  the  behavior  of  untreated 
aluminum  is  not  any  different  than  that  of  eloxized  aluminum  in 
contact  with  hydrazine  a;;  far  as  catalytic  decomposition  or  ad¬ 
sorption  is  concerned  (see  p.^7).  llcr.ce,  this  tube  nas  not  been 
subject  to  an  eioxization  process. 
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III.  ACCECSORISS 

Two  special  valves  were  constructed  which  permit  an  adequate 
rate  for  pumping  and  gas  intake,  reap,  and  which,  at  the  same 
time,  close  tightly  to  withstand  the  pressures  behind  the  shock 
waves  •  /mother  requirement  was  that  they  would  consist  -of  inert 
materials,  such  as  aluminum  and  T  eflon  in  order  to  preclude  any 
catalytic  effect  -upon  the  he*  oro  v-^neous  decomposition  of 
hydrazine . 

Fig.  20  shows  the  pumping  valve.  Its  internal  diameter  when  opened 
is  not  less  than  18  mm  so  that  the  tube  can  be  evacuated  rapidly. 
V/hon  closed,  the  plunger  is  flush  with  the  internal  walls  of  the 
shock  tube.  The  coal  is  provided  by  a  Teflon  C~ring  and  proved 
to  be  sufficiently  vacuum  tight.  ..ay  leak  possibilities  from  the 
atmosphere  have  been  excluded  by  using  tombac  bellows  to  connect 
the  screw  handle  with  the  plunger. 

Use  of  tombac  bellows  is  not  permissible  for  connecting  the  movable 
parts  of  the  inlet  valve  with  the  outride,  since  reacts 

spontaneously  with  copper  alloys.  ATof-lor.  diaphragm,  fulfils  the 
same  purpose  and  was  shown  to  be  hermetically  sealed  when  fixed 
in  the  way  illustrated  in  fig.  21.  All  metal  parts  which  come  into 
contact  wish  hydrazine  arc-  made  of  aluminum. 


A  sols.-. ‘.id-operated  needle  was  installed  in  the  axis  of  the  tube 
so  that  the  C  ...phragm  could  be  ruptured  by  remote  control  (fig. 19). 
The  needle  which  is  4  mm  in  d  lames  or,  consists  of  a  front  sect.i  in 
made  of  an  unmagnetic  metal  ruch  as  brass  and  a  rear  section  made 
of  iron.  An  electric  magnet  of  about  85CO  coils  surrounds  the 
front  section.  Upon  application  of  ad.  c.  pulse  of  about  1  amp. 
the  iron  section  of  the  needle  is  pulled  into  the  magnet  and  the 
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brass  tip  bracks  the  diaphragm,  which  is  strained  by  the  driver 
gas  nearly  to  its  bursting  pressure,  'the  v/hole  device,  including  the 
iron  shield  for  the  magnet  has  a  diameter  of  only  15  m  (restricting 
the  cross-section  of  the  high-pressure  part  by  some  2  %)  and  is 
streamlined  so  shat  no  serious  disturbance  of  the  gas  .flow  is  to 
be  expected . 

A  schematic  sketch  cf  the  whole  set-up  is  given  in  fig.  18.  It  has 
been  shown  (ref.  7)  to  be  necessary  to  flush  hydrazine  containing 
test  gases  through  the  low-pressure  section  under  the  initial 
pressure  of  a  run  until  adsorption  equilibrium  between  the  aluminum 
walls  and  the  gas  phase  is  attained,  -hen  both  inlet  and  outlet 
stopcocks,  r. re  closed  simultaneously.  In  order  to  facilitate  a 
rne-nen  operation,  a  special  oumoing  line  has  been  installed,  which 
c  .•  be  turn’d  off  by  a  stop-cock  situated  in  the  neighborhoud  of 
the  inlet  stopcock.  BCDEs.rkhlu-valves  allow  regulation  of  the  rate 
of  pumping  and  gas  intake  nl  in-  use  hermetic  ir.sultaticn  of  the 
all-glass  system  from  the  a:;.:'spnor e.  East  evacuation  for  leak 
testing  and  for  removal  of  adsorbed  material  from  the  shock  tube 
wails  is  still  possible  through  a  short  wiae-bore  pumping  line 
(see  fig.  18). 


She  low  pre:  sure  section  is  e.uipped  \v  ith  four  pairs  of  windows, 
through  which  the  shock .velocity  and  itr  attenuation  are  measured 
by  the  schlieron  method.  'The  windows  are  40  cm  apart,  the  last 
one  being  mounted  4  cm  from  she  re  fleeting  plate.  ;-.u  a  distance 
of  5  cm  from  the  closed  end  the  low-pressure  section,  there 
are  qu.,rsz  windows  through  vh:ch  • '  ''nection  is  recessed  spectro- 
pho  tome  trie  a  1  iy .  All  windows  r  re  .  ..xed  flush  with  the  inner  walls  of 
the  shock  tube. 
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